INTRODUCTION
The occurrence of various reservoirs as mantle components (i.e., DM, Depleted Mantle; HIMU, High-µ; EM1, Enriched Mantle 1; EM2, Enriched Mantle 2) has been reported from conventional Sr-Nd-Pb-Hf isotopic studies of Mid Ocean Ridge Basalts (MORB), Ocean Island Basalts (OIB) and basalts from continental settings (e.g., Hofmann, 1997; Hofmann and White, 1982; Plank and Langmuir, 1998; Zindler and Hart, 1986; Chauvel et al., 1992; Stracke et al., 2005) . Differentiation of the reservoirs is commonly ascribed to mixing of the mantle with diverse subducted crustal materials, such as terrigenous sediments, altered oceanic crust, or delaminated continental crust with its sediment veneer.
Upper-mantle-derived magmas present a rather limited range of variation in Li isotopic composition. Although MORB appears to be heterogeneous δ 7 Li (+1.6 -+5.6‰), most samples have similar Li isotopic ratios, within the range of +3 to +5‰, with an overall average of +3.4‰ (Chan et al., 1992; Elliott et al., 2006; Moriguti and Nakamura, 1998; Nishio et al., 2007; Interpretation of the Li isotopic composition of MORB and OIB is complicated by possible isotopic fractionation between 6 Li and 7 Li caused by dehydration during subduction (Marschall et al., 2007) and by different diffusion rates of the two isotopes during mantle melting, crystal growth, melt transfer, and magma mixing (e.g., Lundstrom et al., 2005; Jeffcoate et al., 2007; Parkinson et al., 2007; Rudnick and Ionov, 2007) , as well as magma stagnation at near-surface reservoirs and natural cooling of lavas (Chan et al., 1992; Richter et al., 2003; Gallagher and Elliott, 2009) . The diffusion of Li in the subducted complex under the mantle environment subsequent to subduction is also an important process that could obliterate the original signature of Li abundances and isotopic ratios. Halama et al. (2008) reported that the limited range of Li isotopic ratios of OIB is attributable to the more effective homogenization of Li in the mantle because of the high diffusion rate of Li. However, other modeling of Lustrino et al. (2000) .
Fig. 1. Tectonic setting of Sardinia and location of Logudoro basalts modified with reference to
Li diffusion suggests that Li isotopic heterogeneity in the mantle involving crustal components, such as altered oceanic crust, can persist over a long time period of more than 1.5 Gy, contrasting with the rapid decrease of Li abundance disequilibrium (Vlastélic et al., 2009) .
The origin of the magmatism in the Sardinia island still has been controversial. It was proposed that recycling of deep mantle, plume-like material in the source region of the volcanic activity in central-south Italy, including Sardinia, could be responsible for its peculiar geochemical features (e.g., extreme enrichment in incompatible trace elements; Gasperini et al., 2002; Bell et al., 2004 Bell et al., , 2006 . Gasperini et al. (2000) suggested that the Logudoro basalts were derived from recycled oceanic plateaus at depth in the mantle, comprising ancient gabbro formed by plagioclase accumulation. On the other hand, Lustrino et al. (2000) suggested that the geochemical signature of the Logudoro basalts could be attributed to the addition of Precambrian lower crust into their source region. Here, the main objectives of this study include elucidating of Li behavior during the formation of Logudoro basalts and the related influence of diffusion processes on abundance and isotopic composition of Li in magmas derived by mantle sources.
GEOLOGY, PETROLOGY AND GEOCHEMISTRY
Plio-Pleistocene (5.3-0.1 Ma; Beccaluva et al., 1985) volcanism in Sardinia is related to the eastward opening of the Tyrrhenian Sea at the end of an orogenic magmatic activity during which arc-tholeiitic to high-K calcalkaline magmas erupted because of the counterclockwise rotation of the Sardinia-Corsica microplate (32-15 Ma; Morra et al., 1994 Morra et al., , 1997 Doglioni et al., 1997; Lustrino et al., 2000) . The youngest products (0.9-0.1 Ma; Beccaluva et al., 1977 Beccaluva et al., , 1989 of the recent activity occurred in the Logudoro area (northwestern Sardinia, Fig.  1 ). They were triggered by re-activation of OligoMiocenic faults and formation of new extensional structures in the Orosei Gulf (central-eastern Sardinia) and Campidano Graben (southern Sardinia) (Beccaluva et al., 1983) .
Most Logudoro samples are from lava flows (except for a few scoriae: BL6, BL6B, LOG 3) occurring as necks and small volcanic cones, above marine sediments, as continental deposits (Burdighalian-Tortonian) and OligoMiocenic calc-alkaline lavas. The underlying continental crust is estimated as about 20-30 km thick (Morra et al., 1997) .
Major and trace element (except for Li) compositions and Sr, Nd, Pb, and Hf isotope data have been reported by Gasperini et al. (2000) . We refer to them in Appendix Table 1 . Logudoro magmas are aphyric to subaphyric alkaline basalts and trachybasalts, with clinopyroxene, olivine, and plagioclase (An 45-50 ) microcrystals, ± oxides and rare biotite, and ubiquitous, but scarce, ultramafic lherzolitic-harzburgitic xenoliths. They show variable silica (49.66-57.22 wt.%) and alkali (4.33-7.40 wt.%) contents, with Mg# between 46 and 64, FeO/MgO ratios lower than 2, and high Al 2 O 3 contents (15-17 wt.%). Alkaline basalts from Logudoro are characterized by higher Al 2 O 3 and Na 2 O and lower FeO t , CaO, and TiO 2 contents than other OIB, suggesting a low degree of partial melting (F < 0.1) of their mantle source (Albarede, 1992; Kogiso et al., 1998) (Iwamori et al., 2010) . The mantle source of Logudoro basalts still have been on debate because of the complicated tectonic setting near the Italian Peninsula. Gasperini et al. (2000) proposed that EM1-like signatures of Sr-Nd-Pb isotopic ratios of Logudoro basalts are ascribed to the melting of plume heads with recycled oceanic plateau. Meanwhile, Lustrino et al. (2000) argued that EM1-like signatures of Sr-NdPb isotopic ratios of Logudoro basalts result from the recycling of the delaminated lower continental crust into the mantle source in the Precambrian or during the Hercynian Orogeny.
ANALYTICAL METHOD
Whole rock powder was prepared after carefully picking the fresh inner parts of rock samples. No washing with acid was carried out because Li easily dissolves into the acid and 7 Li leaches preferentially, which could change the Li isotopic ratios of samples (Vlastélic et al., 2009) . With concentrated HF, HClO 4 , and HNO 3 , 50 mg of powdered samples were digested. Two-step chemical separation procedure was adopted for Li purification using cation exchange chromatography. The procedure used for the first-stage chemical separation was a modification of that reported by Nishio and Nakai (2002) . First, 6.4 ml of resin (200-400 mesh, AG50W-X8; BioRad Laboratories Inc.) was packed into quartz columns of 8 mm diameter and 125 mm height; they were cleaned with 6 M HCl.
After conditioning the resin with 0.1 M HNO 3 in 50% methanol, samples dissolved in 9 ml of 0.1 M HNO 3 in 50% methanol were loaded. Then Li was eluted with 65 ml of 1 M HNO 3 in 80% methanol. The collected Li fraction was dried and then dissolved in 1.5 ml of 0.15 M HCl solution for the second-step separation.
Although Li was separated from other cations effectively in the first-step separation, the collected Li fraction contains matrix ions together with organic material, which is introduced by the large amount of eluant of the HNO 3 -methanol mixture. To remove them further, the collected fraction was purified using second-step separation with a modified procedure of the fourth column separation described by Moriguti and Nakamura (1998). 1 ml of resin (200-400 mesh, AG50W-X12; BioRad Laboratories Inc.) was packed in the second column of 8 mm diameter and 20 mm height; they were cleaned with 6 M HCl. After passing 3 ml of Milli-Q H 2 O to remove organic material, the sample solution dissolved in 1.5 ml of 0.15 M HCl was loaded on the second column and Li was collected with 25 ml of 0.15 M HCl. The recovered Li solution was evaporated and diluted with 2% HNO 3 to a concentration of approximately 50 ppb for MC-ICP-MS analysis.
The eluted Li solutions were analyzed using an MC-ICP-MS (IsoProbe; Micromass UK, Ltd., Manchester, UK) at the Earthquake Research Institute, The University of Tokyo. An isotopic measurement of a sample solution was bracketed by analyses of 50 ppb standard Li solution (NIST L-SVEC) for normalization. The Li abundances were determined using an ICP-MS (X-Series II quadrupole; Thermo Fisher Scientific Inc.) installed at the Earthquake Research Institute, The University of Tokyo. The Li abundance of JB-2 was determined by the quadrupole ICP-MS as 7.68 ± 0.42 ppm (2σ, n = 5). The beam intensities of 7 Li + of separated solution on the MC-ICP-MS were consistent with those expected from Li abundances determined by the quadrupole ICP-MS, confirming the 100% yield of Li through column separation.
Different aliquots of powder of a standard rock sample, JB-2, were separated using five different columns, and analyzed using MC-ICP-MS to assure reproducibility of the separation procedure ( Table 2 ). The result of JB-2 analyses using two-step chemical separation is +4.1 ± 0.52‰ (2σ, n = 9), which agrees well with previous studies within the error range. The reproducibility was better than that by one-step separation alone (± 1.12‰ (2σ, n = 7)). The long-term reproducibility of Li isotopic analysis from January, 2006, to November, 2009 is within ± 0.57‰ (2σ, n = 6) from the analyses of in-laboratory Li standard solution. This improved analytical procedure enables high-precision analysis using a small amount of Li (ca. 35 ng). In the following discussions, data on trace element abundances and isotopic ratios are referred to those of Gasperini et al. (2000) (Appendix Table 1 ).
RESULTS
The Li abundances and Li isotopic ratios are presented in Table 1 , together with Li/Dy and La/Yb ratios.
The Li concentrations of the Logudoro basalts vary from 7.7 to 10.8 ppm, which is in the common range of Li contents in previously reported OIB (5-14 ppm) (Chan and Frey, 2003; Chan et al., 2009; Nishio et al., 2005; Vlastélic et al., 2009; Ryan and Langmuir, 1987; Workman et al., 2004) . The Li abundance shows no correlation with major element abundances (Figs. 2a and 2b). The Li/Dy ratios and Li/Y are not correlated with other isotopic ratios, and Li/Yb ratios are high among OIB. The δ 7 Li values of Logudoro basalts range from +1.5 to +3.6‰, with the exception of one sample (BL2; δ 7 Li = +8.0‰), and their average is +2.4‰ (if BL2 is included the mean δ 7 Li is +2.9‰). The Li isotopic ratios of Logudoro basalts vary within a narrow range, and slightly lower than MORB values (from +3 to +4‰). The Li isotopic ratios show no distinct correlation with other isotopic ratios or Li abundance (Fig. 3) .
DISCUSSION

Effects of alteration, weathering, and diffusion processes near the surface
In near-surface reservoirs, Li isotopic compositions are strongly modified by differential partitioning of 6 Li and 7 Li between solid and aqueous phases. Post-magmatic processes such as alteration, weathering, and diffusion between phenocrysts and their matrix can modify the original Li abundances and isotopic ratios of Logudoro basalts. However, the samples show intact igneous texture and show no sign of weathering or alteration. Li isotopic ratios are expected to decrease with increasing weathering intensity because 7 Li is preferentially leached from mineral to water with equilibrium exchange (Huh et al., 2004; Pistiner and Henderson, 2003; Rudnick et al., 2004) . Na is highly soluble during chemical weathering and can be indicative of the degree of weathering. Li contents of Logudoro basalts show scattered correlations with alkalis and δ 7 Li and there is no distinct correlation of Li abundance and isotopic ratios with Na 2 O (Fig. 2c ). These relationships indicate that lithium isotopes are not fractionated significantly by chemical weathering.
Diffusion of Li among phenocrysts and matrix glass is another factor that modifies original Li abundances and isotopic ratios during the ascent of magma to the surface. Porphyritic rocks with abundant clinopyroxene, olivine or plagioclase might show anomalously high Li content and very light Li isotopic compositions, which obliterate their primary Li isotope signatures (Giletti and Shanahan, 1997; Coogan et al., 2005; Parkinson et al., 2007; Gallagher and Elliott, 2009; Beck et al., 2006; Sonntag et al., 2007) . However, Logudoro samples, collected in necks as fissural magmas, are fresh aphanitic or subaphyric rocks, in which neither clinopyroxene nor plagioclase is present as phenocrysts. Before powdering, samples were crushed carefully and xenoliths were removed. It is unlikely that Li abundances and isotopic ratios are modified by diffusion among phenocrysts and matrix glass during ascent of the magma. Overall, variation of δ 7 Li on the Logudoro series is on the order of 2‰, which, considering the analytical precision of data, rep- resents a narrow scatter of values with respect to expected variations of 10-20‰, for basaltic series affected by diffusion processes near the surface. We conclude that Li abundance and δ 7 Li values of Logudoro basalts have not been modified by surface processes.
Influences of lower continental crust contamination
Because the Logudoro basement is characterized by a thick lower crust emplacement (20-30 km; Morra et al., 1997) , assimilation of the local lower continental crust (LCC) is another important factor that can slightly lower the Li isotopic ratios of ascending melts. Hamelin et al. (2009) reported Li isotopic compositions of volcanics from Chaîne de Puys (French Massif Central) ranging from high δ 7 Li (>+7‰) to lighter values of 0‰, and inferred that light Li isotopic ratios of more evolved lavas are caused by assimilation of LCC with a Li isotopic signature lighter than -5‰. However, it is difficult to estimate δ 7 Li of the lower crust in the Logudoro area, because the δ 7 Li values of the LCC xenoliths from many locations in China show large variation ranging from -17.9 to +15.7‰ (Teng et al., 2008) .
The Nb/U ratio is useful as a tool to trace the influence of the continental crust contamination because its Nb/U (ca. 10) is much lower than that of OIB (ca. 50; Rudnick and Fountain, 1995) . The average Nb/U ratio of Logudoro is 47, which is similar to those of MORB and OIB; the Nb/U ratios show no systematic correlation with Sr and Li isotopic ratios and Li abundances (Fig. 4) . Consequently, we presume that the direct contamination of LCC during the ascent of magma could not affect on the isotopic ratios and trace elements abundances of Logudoro basalts as a key component. Nevertheless, the above discussion cannot exclude the possible involvement of delaminated LCC in the source of the Logudoro basalts because the delamination and re-melting of LCC can modify the composition of the mantle in the source region. 
Characteristics of Li content of Logudoro basalts
The Li abundances of Logudoro basalts fall into a narrower range when compared to HIMU-lavas from Rurutu Island (Li = 5-15 ppm). Comparison of Li to incompatible element ratios among basalts from Logudoro, Rurutu, and Hawaii islands indicates that the Li/LREE ratios of Logudoro basalts resemble those of Rurutu Island, but the Li/HREE ratios increase more abruptly than those of Rurutu basalts and Hawaii (Fig. 5) . The Li/Dy ratio of Logudoro basalts varies from 1.9 to 2.9, with an average value of 2.4. Comparison with Li/Dy ratios of several OIB groups (0.8 < Li/Dy < 1.8) shows that Li/Dy of Logudoro basalts are high and rather limited (2-3), although La/Yb ratios show large variation (10-40). Both Li/Dy and La/Yb ratios of Logudoro basalts are higher than those of other OIB. Ryan and Langmuir (1987) reported Li abundances together with those of other trace elements for various suites of MORBs (Mid-Atlantic, East Pacific, South Indian, Juan de Fuca ridge, and etc.) and OIB (Iceland, Hawaii, Canary Islands and etc.) and suggested that the mineral/melt partitioning behavior of Li approximately resembles that of Dy during melting at oceanic islands, whereas Li behaves similarly to Yb during low pressure fractionation. They also described that the bulk solid/liquid distribution coefficient of Li is not so sensitive to the mineralogy of source mantle involved in melting, whereas Dy and Yb would be affected by the presence of variable amounts of garnet in residual phase during partial melting of the mantle. In fact, La/Yb, representing the slope of the rare earth element (REE) pattern, is affected mainly by the involvement of garnet and the degree of partial melting in the mantle (Hauri et al., 1994; Salters et al., 2002) .
The Li/Dy ratio can be affected by the significant fractionation of amphibole or clinopyroxene. However, the Logudoro basalts shows a negative correlation of SiO 2 with MgO, as well as rather flat Ca/Al with FeO t /MgO ratios resulting from fractionation of olivine, indicating no significant fractionation of amphibole or clinopyroxene. Consequently, mantle mineralogy, the amount of residual garnet, olivine and pyroxene phase during partial melting, are likely to control the Li/Dy ratios in the Logudoro melts. Moreover, their elevated Li/ Dy ratios are inferred to result from the depletion of HREEs rather than Li enrichment. To test whether the elevated Li/Dy ratios of Logudoro basalts might be the result of mantle mineralogy, we calculated Li/Dy and La/ Yb semi-quantitatively from the presumed mantle sources using the pMELTS program (Ghiorso et al., 2002) . The starting material used for calculation and partition coefficients of Li, and REEs calculated using the program are described in Appendix. Considering two possible models of origins of the Logudoro basalts, a plume hypothesis and a recycled lower crust hypothesis, we assumed two types of simplified mantle sources comprising 1) 90% of the primitive mantle (McDonough and Sun, 1995) and 10% of normal MORB (Hofmann, 1988) , and 2) 97% of the depleted mantle (Salters and Stracke, 2004) and 3% of LCC (Rudnick and Gao, 2003) . The mineral mode of the assumed mantle source was calculated from the major element abundances using the pMELTS program (Ghiorso et al., 2002) at the pressure ranging from 3.5 GPa to 2.6 GPa, within the garnet stability field. The mineral modes in the residual solid when the degree of melting was 1% are also shown in Appendix Table 2 . Using the calculated source composition and mineral mode, the trace element abundances of melt were calculated by the batch melting model (Shaw, 1970) . The calculated Li/Dy and La/Yb ratios of the melts derived from a complex of primitive mantle and MORB increase together as the melting pressure increases, reflecting increased amounts of residual garnet (Fig. 6 ). Calculation using a nonmodal accumulated fractional melting model yields similar trends to those of the diagram (not shown). The Li/Dy ratios clearly vary along with the mantle mineralogy, and especially according to the increase in the mode of residual garnet. This result shows that the high Li/Dy and La/Yb ratios of Logudoro basalts can be explained qualitatively by melting of a mantle source at higher pressure than other OIB. Consequently, it is likely that the amount of residual garnet controls both the Li/ Dy and La/Yb ratios of Logudoro basalts. The mantle source of 97% of the depleted mantle plus the small amount of LCC can also produce melt with high Li/Yb and La/Yb ratios, although it could not produce high Li contents up to more than 10 ppm.
Consequently, the high Li/Dy ratios of Logudoro basalts, resulting from the depletion of HREEs, could be explained by the mantle mineralogy, especially the amount of garnet, depending on the P-T condition. Even if Gasperini et al. (2000) and Lustrino et al. (2000) suggested that the EM1-like source of Logudoro basalts derived from the contribution of recycled oceanic plateau and LCC respectively, it is likely that the characteristics of Li abundances in Logudoro basalts appears not to indicate the influence of the specific source material in their source. The Li abundances of the subducted slab or delaminated LCC, however, might re-equilibrate in the mantle by diffusion processes as will be discussed in the next section. Chan and Frey (2003, Hawaii) and Vlastélic et al. (2009, Rurutu) . 
Fig. 5. Plots of SiO 2 versus Li/REEs of Logudoro, Rurutu, and Hawaii basalts. The Li/Dy and Li/Yb of Logudoro basalts are higher than those of Rurutu and Hawaii basalts, which is ascribed to the greater depletion of HREEs in Logudoro basalts than other basalts. Sources for Li data other than Logudoro are
Effects of Li diffusion process in the mantle
The Li isotopic ratios of Logudoro basalts are similar to but slightly lower than those of normal MORB. Another characteristic is that Li isotope ratios show no clear correlation with other isotope tracers. It is suggested that the mantle source of Logudoro basalts is attributed to the addition of the lower part of oceanic plateaus, comprising ancient gabbro formed by plagioclase accumulation or input of the small amount of LCC by delamination and detachment process subsequent to continent-continent collision (Lustrino et al., 2000; Lustrino, 2005) . Here, we calculate how Li isotope composition in the source materials changes by the diffusion of Li in the mantle, using simple one and two-layer models and examine whether diffusion explains the observed Li isotopic characteristics. (a) Recycled oceanic plateau origin In order to examine how Li behaves in subducted oceanic crust during the storage of the mantle, a two-layered subducted slab, comprising altered upper oceanic crust and a lower gabbroic layer was assumed. Although recent reports of experimental studies have described the diffusion coefficients of Li for plagioclase, olivine, zircon, and clinopyroxene, the Li diffusion coefficient of bulk slab and the mantle itself are poorly constrained (Coogan et al., 2005; Dohmen et al., 2010; Spandler and O'Neil, 2010 (Chan and Frey, 2003; Rhodes and Vollinger, 2004) , Pitcairn (Honda and Woodhead, 2005) , HIMU (Chan et al., 2009) and Samoan (Workman et al., 2004) islands, are also shown for comparison. Watson, 2010; Giletti and Shanahan, 1997) . Most Li diffusion coefficients were reported within temperatures of 800-1100°C, which is lower than the mantle temperatures of 1450-1680°C (Putirka, 2005) . By extrapolating the Li diffusion coefficient at 1400°C, Li diffusion in plagioclase (4.4 × 10 -9 m 2 /s) is faster than that in clinopyroxene (2.6 × 10 -10 m 2 /s) (Giletti and Shanahan, 1997) . Li diffusion coefficient of olivine (2.5 × 10 -14 m 2 /s) is slower than that of clinopyroxene by four orders of magnitude (Coogan et al., 2005; Dohmen et al., 2010; Spandler and O'Neil, 2010) . In addition, the grain boundary and grainedge fluid are "fast paths" for diffusion (Baxter and DePaolo, 2000; Watson, 1991; Hiraga et al., 2003) , but no constraint for the Li diffusion is present. Consequently, the bulk diffusion coefficient of Li in the whole subducted slab and the mantle is difficult to constrain. The diffusion coefficients of 7 Li in the slab consisting of two layers, and the mantle were assumed as 1 × 10 -10 m 2 /s following the value used for diffusion calculation by Vlastélic et al. (2009) . An analytical solution was used for diffusion calculation from the two layers after Crank (1975) (Eq. (1) ). Later, the results were superimposed.
Fig. 7. Calculated δ 7 Li values (a) and Li abundances (b) in the subducting slab and surrounding mantle at 1.5 and 0.15 Gy after the initiation of subduction. The slab comprises altered upper oceanic crust (AOC) and lower oceanic crust (LOC) with respective thicknesses of 1 km and 2 km. Calculated δ 7 Li values (c) and Li abundances (d) in the lower continental crust (LCC) and
The diffusion coefficient of 6 Li was assumed following the ratio of diffusion coefficients of 6 Li and 7 Li expressed as D 7 /D 6 = (m 6 /m 7 ) 0.215 , which indicate that 6 Li diffuses faster than 7 Li by about 3.4% (Richter et al., 2003) .
Only a few Li isotopic data related to oceanic gabbro or plateau materials are available. The reported δ 7 Li values of the lower dyke complex in the oceanic crust vary from 0.7 to 7.9‰; its average is 2.5‰, which is slightly lower or within the range of MORB and quite lighter than those of the seawater-altered upper part of oceanic crust (+6.6 to +20.8‰; Chan et al., 2002) . We assumed the Li abundances and δ 7 Li of the upper oceanic crust as 7.5 ppm and +10‰ with 1 km of its thickness, the lower oceanic crust as 1.6 ppm and +2.5‰, and its thickness as 2 km (Chan et al., 2002) , neglecting influences of dehydration processes, and primitive mantle as 1.7 ppm and +3.2 (Seitz et al., 2007) , respectively as assumed by Vlastélic et al. (2009) .
Figures 7a and 7b show the δ 7 Li values and Li abundances in the two-layer model at 1.5 and 0.15 Gy after initiation of subduction of the assumed two-layered slab. In Figs. 7a and 7b , the Li abundance of the altered upper oceanic crust decreases from 7.5 ppm to the level of less than 2.5 ppm at 1.5 Gy. Meanwhile, Li abundances of the deep gabbroic layer increase in this model. The Li diffusion from the altered upper oceanic crust with high Liabundance raises the Li abundance in the lower gabbroic layer and the surrounding mantle. As a result of faster diffusion of 6 Li, Li isotopic ratios of the high Liabundance domains become heavier than the initial value, as shown in Vlastélic et al. (2009) . In the two-layer model, the δ 7 Li values of lower oceanic crust become heavier than the initial value to more than +6‰ at 1.5 Gy. The δ 7 Li values lower than normal mantle are present in the mantle apart by more than 1 km from the slab. A light Li signature is also present in the lower oceanic crust at 0.15 Gy after the initiation of subduction. The lowered δ 7 Li values in the layer, however, results not from the original Li isotopic signatures of the subducted slab, but from the influence of faster diffusion of 6 Li than 7 Li from high Liabundance domain to the gabbroic layer with low Li abundances.
(b) Recycled delaminated lower continental crust (LCC)
origin In order to examine how Li behaves in the delaminated LCC and surrounding mantle, a one-layer LCC was assumed. The Li isotopic ratios of the LCC are variable from -14 to +14.3‰, and this variation is ascribed to the effect of isotopic fractionation during metamorphism, diffusion during igneous intrusion, and variable protolith composition (Teng et al., 2008) . The Li abundances and isotopic ratios of 13 ppm and +2.5‰ are assumed respectively for LCC with its thickness 4 km in the one-layer model (Rudnick and Gao, 2003; Teng et al., 2008) . We also assumed the Li abundance and δ 7 Li of depleted mantle as 0.7 ppm and +3.2‰ (Salters and Stracke, 2004; Seitz et al., 2007) respectively. As described before, the Li diffusion coefficient of crustal material is poorly constrained. The diffusion coefficients of 7 Li in LCC and the mantle were assumed as 1 × 10 -10 m 2 /s following the value used for diffusion calculation by Vlastélic et al. (2009) .
Figures 7c and 7d show the δ 7 Li values and Li abundances in the one-layer model at 1.5 and 0.15 Gy after the delamination of LCC in the mantle. In Fig. 7d , the Li abundance of LCC decreases from 13 ppm to ca. 6 ppm at 1.5 Gy. The Li diffusion from LCC with high Liabundance raises the Li abundance in the surrounding mantle. The δ 7 Li values of the mantle near LCC also increase from that of the initial mantle by diffusion (Fig.  7c) . The δ 7 Li values lower than normal mantle are present in the mantle apart from LCC also in this models at 1.5 Gy, while it appears near the edge of the LCC at 0.15 Gy. The lowered δ 7 Li values in this case also result not from the influence of faster diffusion of 6 Li. (c) Implication of the diffusion calculations The results of the above calculations indicate that the fast diffusion of Li prevents the recycled materials from preserving their original Li isotopic ratio. It is controversial whether the dehydration of the subducted slab or the detached LCC changes the Li abundance and isotopic ratio of the slab greatly (Zack et al., 2003; Richter et al., 2003; Wunder et al., 2006; Marschall et al., 2007) . Even if the Li abundance and isotopic ratio of slab are modified, the Li diffusion will modify them further. Consequently, high Liabundance domain will obtain a heavy Li isotopic ratio by relatively fast diffusion of 6 Li regardless of initial Li isotopic ratios.
As described before, the diffusion coefficient of Li is poorly constrained in mantle condition. The Li abundance and isotopic patterns at 1.5 Gy with D = 1 × 10 -11 m 2 /s are the same as those at 0.15 Gy with D = 1 × 10 -10 m 2 /s if it is assumed that the diffusion coefficients of Li are one order of magnitude lower (D = 1 × 10 -11 m 2 /s) than that assumed in the above calculation. In the two-layer model, the lower oceanic crust would have a light Li signature after 1.5 Gy. Even in such a case, the light signature is produced by faster diffusion of 6 Li from altered oceanic crust enriched in Li, and it does not reflect the isotopic composition of possible source materials of Logudoro basalts, the gabbroic layer of oceanic complex or the fragment of delaminated LCC, have been modified by rapid diffusion of Li during their storage in the mantle. Although Li/Dy ratios of Logudoro basalts are higher than those of other OIB, Li abundance of the magma source of Logudoro basalts is also likely to have been modified by re-equilibration within the crust-derived materials and the surrounding mantle. Consequently, Li abundances and isotopic ratios of Logudoro basalts are expected to represent the result of Li diffusion rather than recycled components.
Recent works on Li isotope of HIMU lavas (Fig. 8 ) have revealed slightly heavier Li isotopic signatures than MORB. Chan et al. (1992 Chan et al. ( , 2002 and Nishio et al. (2005) interpreted that the elevated Li isotopic ratios of HIMU Polynesian lavas is ascribed to recycling of a less altered part of the oceanic crust. Chan et al. (2009) Chan et al. (2006) and other isotopic ratios from Eisele et al. (2002) ).
initial light Li in the gabbroic layer. Consequently, irrespective of the diffusion coefficient of Li, the δ 7 Li values lower than normal mantle can be ascribed to diffusion of Li from a high-Li abundance part (e.g., the altered upper oceanic crust or LCC) to lower-Li abundance parts (e.g., lower oceanic crust and the surrounding mantle), thereby acquired by diffusion processes during storage in the mantle. Figure 8 (Fig. 3) . The lack of correlation suggests that Li Vlastélic et al. (2009) attributed the heavy Liisotope signature of HIMU to fast 6 Li diffusion from the altered oceanic crust to the surrounding mantle, which is low in Li abundance.
Comparison of Li isotopic ratios in the Logudoro basalts with other OIB
The Li isotopic ratios of Logudoro basalts might represent modified Li isotopic compositions in recycled components and/or ambient mantle caused by Li diffusion process from Li-enriched part to Li-poor part in the mantle if our simple model calculations in the previous section accurately reflect diffusion processes. The δ 7 Li values of Logudoro basalts together with typical EM1 OIB from Pitcairn fall within the range of the normal mantle or are slightly lower than those in HIMU basalts (Fig. 8) . If we accept a plume model, from MORB-like Li isotopic ratios of basalts from Logudoro and Pitcairn, it is inferred that the mantle source of EM1 basalts are free of upper altered oceanic crustal component initially enriched in Li, which becomes heavier in Li isotopic ratios by the diffusion of Li to the lower Li-abundance part, such as lower oceanic crust and the surrounding mantle. If we accept a delaminated lower crust model for Logudoro basalts, it seems difficult to explain the observed Li isotope characteristics.
One analyzed sample, BL2, has δ 7 Li = +8.0‰, which is well above the values shown by all the other samples. The K/Rb and K 2 O/P 2 O 5 ratios of BL2, which are a proxy for weathering process (Frey et al., 1994; Chan and Frey, 2003) , are within the range of other samples. In addition, the loss of ignition of BL2 is 1.46 wt.%, which is similar to those of other samples. Those features, together with result of microscopic observation, rules out that the sample experienced severe alteration or weathering. Its extraordinarily heavy Li isotopic ratio may suggest the contribution of a heavy-Li part to a part of the magma source of the Logudoro basalts, whether it is a part of subducted oceanic part or LCC.
CONCLUDING REMARKS
The Li concentrations of the Logudoro basalts are similar to the common range of Li contents in OIB. The δ 7 Li of the Logudoro basalts range from +1.5 to +3.6‰, and are therefore slightly lower than that of MORB-source mantle. Both Li abundances and Li isotope features of the analyzed samples are representative of their mantle sources and are not affected by near-surface processes such as weathering and alteration.
Their Li/Dy and La/Yb ratios are higher than those of most of OIB. Such geochemical features require partial melting at higher pressure than common OIB sources, well within the garnet-stability field.
The observed lower δ 7 Li of Logudoro basalts than the remainder of the OIB likely resulted from recycled material, in which faster diffusion of 6 Li than 7 Li modified the Li isotope signature of the initial source material. Although it is difficult to put a constraint on the source as a whole based on Li isotope data, our results for the Logudoro basalts suggest that their mantle region had been significantly modified by Li diffusion processes.
APPENDIX
Firstly we assumed starting maerial for the case of the plume hypothesis. According to model calculation performed by Willbold and Stracke (2006) , EM1-typed OIB would be explained by a mantle source composed of 90% depleted lithospheric mantle, 9% oceanic crust and 1% lower continental crust. Because the Li abundance of mantle is relatively high (0.7 ppm and 1.7 ppm for the depleted and primitive mantle respectively), the Li contents of OIBs are mainly affected by the source mantle Li contents. In this calculation, we excluded the extraordinary Li-enriched source such as pelagic sediment because the EM1 mantle source is still equivocal and OIBs with EM1 signatures have similar ranges with other OIBs in Li abundances. Here, we assumed a simplified mantle source composed of 90% primitive mantle (McDonough and Sun, 1995) and 10% normal MORB (Hofmann, 1988) . The modification of element abundances by dehydration during subduction or metamorphism was taken into account for the Li-La-Dy abundances of MORB and LCC. Starting material for the case of the delaminated lower continental crust (LCC) hypothesis was assumed to be composed of 97% of the depleted mantle (Salters and Stracke, 2004) and 3% of the lower continental crust (Rudnick and Gao, 2003) .
The mineral modes of the assumed mantle source for the two materials were calculated from the major element abundances using the pMELTS program (Ghiorso et al., 2002) at the pressure ranging from 2.6 GPa to 3.5 GPa, within the garnet stability field. The mineral modes in the residual solid when the degree of partial melting was 1% are shown in Appendix 
